Introduction
The genital mycoplasma Ureaplasma urealyticum was previously subtyped into two biovars and 14 serovars. On the basis of the significant genotypic differences between the two biovars, it has been proposed that the species previously known as U. urealyticum be separated into two new species, Ureaplasma parvum (biovar 1, containing serovars 1, 3, 6 and 14) and U. urealyticum (biovar 2, containing serovars 2, 4, 5 and 7 to 13). 1 The common characteristics of all serovars include lack of a cell wall, small genome size, limited biosynthetic abilities, hydrolysis of urea and mucosa association in the human host. 2 As Ureaplasma is a commensal in the adult female genital tract, it has been considered of low virulence. However, it has been associated with multiple obstetrical complications including infertility, stillbirth, preterm delivery, histologic chorioamnionitis, neonatal morbidity and perinatal death. 2 U. parvum and U. urealyticum are the most common organisms isolated from amniotic fluid and infected placentas. 3 Ureaplasma respiratory tract colonization has been associated with respiratory distress syndrome, 4 persistent pulmonary hypertension 5 and bronchopulmonary dysplasia (BPD). 6, 7 Some studies suggest serovars 4 and 8 are more frequently associated with disease. 8 Although the relationship of Ureaplasma respiratory tract colonization with BPD has been extensively studied, less is known concerning the incidence of invasive disease (detection in blood and/or cerebrospinal fluid (CSF)) and the relationship with neonatal outcomes. In the prospective Alabama Preterm Birth Study cohort, Ureaplasma was detected in 17% cord blood cultures, 3 but genotyping and CSF cultures were not performed. Detection of the organism by culture in CSF has been described in small studies 9, 10 and case reports. [11] [12] [13] [14] Previous studies in human infants [15] [16] [17] and experimental animal 18, 19 and in vitro 20 models demonstrated that Ureaplasma stimulates the host inflammatory response. We conducted a prospective study to determine whether Ureaplasma infection in blood or CSF is associated with inflammation in the placenta, blood or CSF, and increases the risk for BPD or cranial ultrasound (CUS) abnormalities in infants p32 weeks gestation. In the initial analysis of this cohort, we observed that elevated inflammatory cytokines in serum and CSF were associated with an abnormal CUS. 21 Serum and CSF samples from this cohort were analyzed by PCR to determine the incidence of invasive Ureaplasma in very low birth weight (VLBW) infants and to determine the contribution of the two species to invasive disease. We hypothesized that invasive Ureaplasma would be associated with systemic and/or CNS inflammation and neonatal morbidities such as intraventricular hemorrhage (IVH). Specimen extraction and PCR After informed consent was obtained, serum was obtained from available cord blood (2 ml) or, if cord blood was not available, venous blood (1 ml) was drawn aseptically within 12 h of delivery, the serum separated and aliquots stored at À80 1C for later analysis of cytokines by ELISA or processed for DNA extraction and amplification. CSF was obtained within 72 h of birth from 189 of 313 (60%) of infants as part of an evaluation for sepsis. A stringent protocol for the processing of blood and CSF samples, DNA extraction and PCR was followed to prevent contamination and hence false-positives. This included prepping the cord and skin sites with betadine; physical separation of areas for sample preparation, amplification and product detection; use of filter-plugged tips; and inclusions of water, extracted with the specimens, as a negative control in each PCR run. DNA was extracted from serum and CSF (200 ml each) samples using the QiAmp DNA Blood Mini kits (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. PCR was first performed with primers directed against the 5 0 region of the multiple-banded antigen (mba) gene to identify all positive samples. 22 The 50 ml reaction mixture consisted of 10 ml 10 Â Opti-prime buffer #11(Stratagene, La Jolla, CA, USA), 30 pmol each of the primers UMS-125 (GTATTTGCAATCTTTATAT GTTTTCG) and UMA 226 (CAGCTGATGTAAGTGCAGCATTAAATT), 200 mM each dNTP, 2.5 U Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA) and 10 ml sample template. The thermal cycling parameters for the first reaction were 94 1C for 2 min, then 40 cycles of 94 1C for 30 s, 58 1C for 45 s, 72 1C for 45 s and 72 1C for 7 min for final extension. All positive samples were subjected to a second PCR reaction using species-specific primers according to the algorithm proposed by Kong et al. 1 Thermal cycling reaction parameters were the same as above except that the annealing temperature was 56 1C for each set of species-specific primers. All PCRs included a positive control, equivalent to 100 color changing units of Ureaplasma. After PCR, 10 ml of each sample and controls was run on a 2% ethidium bromide-stained agarose gel to determine whether the expected product had been amplified.
Study design

Cytokines
The cytokines interleukin (IL)-1b, tumor necrosis factor-a and IL-6 were measured in serum and CSF samples as previously described. 21 Placental pathology Placental studies were performed on 262 (84%) infants. The placental sections were reviewed in a blinded manner according to a standard protocol. 23 Histologic chorioamnionitis was separated into maternal and fetal response and assigned a stage according to the scheme proposed by Redline et al.
23
Neonatal outcomes An infant was assigned the diagnosis of BPD if the infant was receiving supplemental oxygen or positive pressure support at 36-week post-menstrual age. Serial CUS examinations were performed as previously described. 21 
Statistical analysis
The t-test and analysis of variance was used to compare continuous variables and the w 2 or Fisher exact test was used to compare categorical variables. Univariate odds ratios (ORs) and 95% confidence intervals were calculated for neonatal outcomes including BPD and specific CUS diagnoses. As the range of cytokine concentrations was large, for analyses, cytokine data expressed as pg ml À1 were dichotomized using the median of serum and CSF IL-6 concentrations and serum IL-1b concentrations for the entire sample and the lower cutoff of the ELISA sensitivity for tumor necrosis factor-a concentrations and CSF IL-1b concentrations. For determining whether there were interactions of Ureaplasma PCR status with the inflammatory variables for each outcome, interaction terms were generated and included in regression models. All statistical analyses were performed using STATA (Stata Corp., College Station, TX, USA). A P-value<0.05 was considered significant. The P-values were not corrected for multiple comparisons.
Results
Cohort characteristics
Of 442 eligible infants admitted to the University of Maryland Medical Center and Mercy Medical Center during the study period, 313 were enrolled after parental consent was obtained. Of the remaining 129 infants, consent was declined for 24 infants, and in 105, there was no cord blood available, age was greater than 12 h when screened, and a lumbar puncture was deferred or not indicated. Infants not enrolled had similar race, sex, gestational age and obstetrical factors as enrolled infants.
Ureaplasma species were detected in serum and/or CSF samples from 74 of 313 (23.6%) infants. This included 46 of 246 serum samples (29/152, 19.1% cord blood; 17/94, 18.1% venous blood) and 36 of 189 (19.1%) CSF samples. Eight of 122 infants (6.6%) with paired blood and CSF were PCR-positive in both compartments. For 95 infants who were serum Ureaplasma PCR-negative, the paired CSF sample was PCR-positive in 19 cases (20%).
Serum or CSF Ureaplasma PCR-positive infants were similar to PCR-negative infants for birth weight, gestational age and race (Table 1) . It is of interest to note that membrane rupture duration was <1 h in 31% of serum and 22% of CSF Ureaplasma PCRpositive infants, suggesting a possible preexisting rather than ascending infection. 24, 25 Forty-six percent serum PCR-positive and 44% CSF PCR-positive infants were delivered by cesarean section, indicating that operative delivery did not prevent invasive Ureaplasma.
All samples PCR-positive with primers for the common mba gene were reamplified using species-specific primers. As shown in Table 2 , U. parvum was the most common species detected in serum and CSF. Both species were detected in the same sample in three serum and two CSF samples. Eight serum and five CSF samples could not be further genotyped possibly due to the degradation of the bacterial DNA or presence of inhibitors in the samples.
Relationship of invasive Ureaplasma and respiratory tract colonization As Ureaplasma respiratory colonization occurs commonly in VLBW infants, 2, 15 we analyzed the incidence of invasive Ureaplasma in a subset of the study cohort with known Ureaplasma respiratory colonization status. Tracheal aspirate or nasopharyngeal Ureaplasma cultures were performed during the first week of life in 232 infants with a 35% culture-positive rate. As shown in Figure 1 , 19% serum and 11% CSF samples from infants with culture-confirmed Ureaplasma respiratory colonization and 15% serum and 19% CSF samples from infants without Ureaplasma respiratory colonization were PCR-positive. In all cases, the Ureaplasma detected in respiratory samples was the same species as the one detected in serum or CSF from the same infant.
Relationship of invasive Ureaplasma and inflammation
Histologic chorioamnionitis was present in 65% Ureaplasma serum PCR-positive and 68% CSF PCR-positive cases (Table 3) . Fetal vasculitis was detected in 51% serum PCR-positive and 57% CSF PCR-positive cases. Thirty-three percent of infants exposed to long-standing or necrotizing amnionitis (maternal stage 5) were serum PCR-positive (Figure 2a) . Fetal vasculitis was present in all of the serum PCR-positive infants with maternal stage 5 histologic chorioamnionitis. In contrast, the maternal stage in CSF PCR-positive infants was less advanced than in CSF PCR-negative infants (Figure 2b ), possibly suggesting a shorter duration of exposure to intrauterine infection/inflammation.
As experimental animal 18, 19 and in vitro 20 models have demonstrated that Ureaplasma stimulates a proinflammatory cytokine response, we analyzed the relationship of invasive Ureaplasma with inflammatory cytokines in serum and CSF (Table 3) . When data from cord and venous samples were combined, there was a trend toward increased serum IL-1b in serum PCR-positive infants (OR 1.92, 0.94 to 3.93; P ¼ 0.07). 
Discussion
Recently, Goldenberg et al. 3 demonstrated that the incidence of Ureaplasma in cord blood from VLBW infants by culture techniques is 17% and is associated with markers of inflammation. We confirm and extend these observations in this study. We demonstrated in a large prospective cohort that Ureaplasma species not only colonize the respiratory tract, but also invade the bloodstream and cross the immature blood-brain barrier in 23% VLBW infants and that U. parvum is the predominant species. Overall, almost half of the cohort was Ureaplasma positive in one or more compartments (respiratory, blood, CNS), confirming that this organism is the most common pathogen affecting this population. The duration of rupture of membranes was <1 h in 30% of Ureaplasma-positive infants, suggesting the presence of pre-existing infection rather than ascending infection in some of these infants. 24, 25 In this study, U. parvum was the predominant species detected in serum and CSF. This is in agreement with the predominance of the U. parvum serovars in clinical samples obtained from vaginal cultures in women and tracheal aspirates 8 and CSF from preterm infants. 10 In contrast to Abele-Horn et al., 8 who observed a higher incidence of BPD in infants with respiratory colonization with U. urealyticum, there were no differences in this study in the outcomes of infants infected by the different species.
Although Ureaplasma is a commensal organism in the adult female genital tract, there is previous strong clinical evidence that it can cause invasive disease in the preterm neonate. Ureaplasma has been isolated by culture techniques from blood, CSF, tracheal aspirates and lung and brain tissue of newborn infants. 13, 14, 26 The prevalence of Ureaplasma detected in CSF from preterm infants for whom a lumbar puncture was performed for suspected meningitis was 8%, 9 suggesting that Ureaplasma is one of the most common organism isolated from CSF in this high-risk population. It is likely that culture techniques underestimate the true rate of Ureaplasma infection.
In this study, detection of Ureaplasma by PCR in serum, but not CSF, increased the risk for severe IVH by twofold. This is in contrast to the study by Waites et al. 9 that isolated Ureaplasma from the CSF of six infants with severe IVH and from three with hydrocephalus. Ureaplasma was also cultured from brain tissue of preterm twins who died of IVH.
14 Our result differs from the Alabama Preterm Birth study that found no association of combined Ureaplasma and/or Mycoplasma hominis culture status with IVH severity. 3 This difference may be explained by the differences in study populations and rates of severe IVH, culture vs PCR-based detection methods and analysis of combined mycoplasma species vs Ureaplasma alone.
Inflammation initiated outside the CNS may contribute to IVH pathogenesis. Ureaplasma PCR-positive serum was associated with amnionitis and elevated IL-1b, suggesting that the observed brain injury in affected infants may result, in part, from intrauterine infection that elicits maternal and fetal inflammatory responses and activates the systemic and CNS inflammatory cascades. In juvenile rhesus monkeys, intravenous administration of IL-1b induces brain-derived IL-6 in CSF, 27 confirming that the brain responds to peripheral activation. Furthermore, systemic inflammatory cytokines may exacerbate injury mediated by excitatory neurotransmitters such as glutamate released in response to hypoxia-ischemia. 28 In a model of ibotenate-induced excitotoxic brain injury in newborn mice, systemic pretreatment with IL-1b, IL-6 or tumor necrosis factor-a exacerbates ibotenate-induced brain lesions. 28 We have previously shown that Ureaplasma directly stimulates cord blood monocyte IL-1b release in vitro 20 and that Ureaplasma respiratory colonization in preterm infants is associated with elevated lung lavage IL-1b in vivo. 15 These observations support the contention that Ureaplasma can elicit an immune response that may be detrimental to the host.
There are a number of study limitations. First, lumbar punctures were not performed on all infants, so some infants with Ureaplasma-positive CSF may have been missed. Second, only a single sample of either cord blood or venous blood drawn within 12 h (for those infants without an available cord sample) was analyzed for each infant. Therefore, the rate of clearance of Ureaplasma from the blood and CSF cannot be determined as there was only a single sampling time point. Finally, the timing of the first CUS scan at 3 to 7 days did not allow us to determine the timing of IVH. Despite these limitations, results of this study suggest that Ureaplasma-invasive disease is more prevalent than previously suspected and that it may be a contributing factor in the pathogenesis of IVH. To develop preventative strategies, future studies will need to determine the timing and route of transmission of invasive Ureaplasma and host factors that increase the susceptibility of some preterm infants to bloodstream and CNS invasion by this pathogen.
